The success of codoping by donor-acceptor impurities in accomplishing p type ZnO thin films deposited by spray pyrolysis technique is reported here. Monodoping ZnO with N altered the conductivity type but the resistivity is too high making it practically impossible to be useful in optoelectronic applications. B-N codoping increased the carrier concentration and obtained comparatively low resistivity because codoping enhanced the acceptor incorporation by forming acceptor-donor-acceptor complex in the band gap. XRD analysis revealed the dependence of dopant incorporation on the texture and microstructure of the films. XPS analysis confirmed the enhancement of N incorporation with codoping. Energy gap value increased for codoped films due to the Burstein-Moss effect, arising from the increase in carrier concentration. Hence the present work envisages the preparation of transparent p type ZnO thin films suitable for tandem thin film solar cells and also for other optoelectronic applications.
Introduction
Transparent conducting oxides (TCOs) are a unique class of materials with wide energy band gap and tunable electrical conductivity from insulating via semiconducting to conducting. This blending of the two conjugate propertiesoptical transparency and high electrical conductivity -made thin films of these materials suitable for modern device applications like thin film solar cells 1 , optical waveguides 2 , light emitting diodes 3 , thin film transistors 4 , gas sensors 5 , etc. Because of low-cost, abundance, less-toxicity and biocompatibility, materials researchers prefer zinc oxide (ZnO) as the most prominent candidate. In addition, the optical energy gap and electrical conductivity of ZnO can be modified respectively by alloying or doping with suitable materials.
ZnO is intrinsically n type semiconductor (energy gap ~ 3.37eV) due to the presence of zinc interstitials or oxygen vacancies and is not amenable to both types doping and thus it is harder to develop p type ZnO. This is mainly due to problems such as its self compensating effect, deep acceptor levels and low solubility of acceptor dopants 6 . Codoping of ZnO with group III and group V elements can be utilized to improve the acceptor solubility and thereby making acceptor levels shallower 7 . A few reports are available in the literature studying the feasibility of Al-N codoping 8 , In-N codoping [9] [10] [11] , B-N codoping 12 , Ga-N codoping 13 , Ag-N codoping 14 , Sn-N codoping 15 etc. in order to improve the p type electrical performance of ZnO thin films. Thus in the present study we propose the deposition of B-N codoped p type thin films of ZnO by spray pyrolysis to be useful in the field of optoelectronics. In tandem thin film solar cells, the efficiency can be improved by stacking absorbers with different energy gap to utilize the entire solar spectrum. But the main problem associated with this is the requirement of interconnecting contacts of both n and p types, highly transparent to lower energy photons. Thus in the present study, we tried to develop highly transparent and conducting p type ZnO thin films. To accomplish p type electrical conductivity, ZnO thin films were codoped with boron (B) and nitrogen (N). Among the various deposition techniques, we opted chemical spray pyrolysis because of its easiness in accomplishing doping during the preparation of precursor solution by simply adding the salts of the desired dopant. In spray deposition, there is no need of vacuum at any stage of preparation and is feasible for large area deposition. Moreover, it is simple, low cost and versatile.
Materials and Methods
B-N codoped ZnO thin films with varying B concentration (0 -4 at%) were deposited on glass substrates by spray pyrolysis method. Prior to film deposition, the substrates were cleaned in solutions of diluted chromic acid, sodium hydroxide and acetone followed by ultrasonic bath cleaning with hot distilled water. BO 3 ] were used as the sources of Zn, N and B respectively. A mixture of methanol, deionized water and acetic acid taken in the proportion 65:30:5 plays the role of solvent for the preparation of stock solution. Concentration of the precursor solution was kept fixed at 0.4M and the N:Zn proportion of 2:1 was maintained for all the samples while the B doping concentration was varied from 0 -4 at %. In our previous study 16 , we investigated the impact of N doping with different N/Zn ratio (0 -3) on the various physical properties of ZnO thin films deposited on glass substrates by spray pyrolysis technique and optimized the N:Zn ratio as 2:1 because that particular sample possessed better optoelectronic properties compared to others. So we extended the investigation by fixing the particular doping percentage for N salt and tried to improve the acceptor solubility by adding donor dopants also at different concentrations. Equivalent masses of relevant salts were added to the solvent to achieve the desired composition and the resulting solutions were then continuously stirred with a hot magnetic stirrer for 30 minutes at a temperature of about 60ºC. After filtering, these solutions were sprayed over the glass substrates which were kept on a hot plate maintained at 400 ± 10 ºC to obtain B-N codoped ZnO thin films.
The structural mapping of the as-deposited films were done by using Rigaku Miniflex 600 X-ray Diffractometer with CuK α radiation of wavelength, λ = 1.5406 Å. The morphological and composition analyses were performed with JEOL Model JSM -6390 scanning electron microscope operated at 20keV. The elemental composition analysis was carried out using X-ray photoelectron spectroscopy (Thermo Fisher Scientific). The optical transmission measurement was done with Jasco V-650 double beam spectrophotometer. The spectra were recorded in the 300-900 nm spectral region. The electrical properties were measured by the Van der Pauw method using the Hall measurement system (Ecopia Hall Effect Measurement System) with a magnetic field strength of 0.55T at room temperature. For the measurement, we prepared 1cm×1cm samples and the contacts were made at the four corners of each sample. Highly conducting silver paste was used to make ohmic contacts at the four corners in the Van der Pauw geometry. These contacts were then properly heated and allowed to dry to carry out electrical characterization. Thickness of the deposited films was determined by the gravimetric method (Schimadzu AY 220 Model Balance) and also by using Stylus Profilometer (Dektak 150).
Results and Discussion

Structural properties
XRD pattern of the prepared thin films were shown in Fig.  1 . The samples have no deviation from the hexagonal wurtzite geometry (JCPDS Card No. 36-1451) so that these films are monophasic indicating successful incorporation of dopants in the ZnO host lattice. Film with 0 at% B (N monodoped) showed a preferential orientation along the (100) plane with diminutive grain growth along (002), (101) and (110) planes. But B-N codoping shifted the preferred orientation along the c axis, (002) plane normal to the substrate surface. This shift in preferential orientation is related to the inclusion of new impurities. Up to 3 at% B doping, the films exhibited extremely strong preferential orientation along the (002) plane while for 4 at% B doped film, (101), (102) and (103) reflections appeared with comparable intensity in addition to the preferred orientation so that it is highly polycrystalline. Thus further increase in doping percentage may result in highly polycrystalline or even amorphous materials. Crystallite size of the prepared samples for the most intense diffraction peak was calculated using the Scherrer formula 17 (1) where 0.9 is the value of the shape factor, λ (=1.5406Å) is the wavelength of the X-rays used, β is the full-width at half maximum intensity in radians and θ is the Bragg's angle. The dislocation density (δ) which is a measure of defects in the films can be calculated using the formula given below
The calculated values of crystallite size and dislocation density are presented in Table 1 . It is clear that all the films were nano-structured. The crystallite size increased up to 2 at% B-N codoping and then decreased. The improvement in crystallinity could be due to the highly textured growth of films along the (002) plane having minimum surface energy of formation. The deterioration in crystallinity with further increase in B concentration which favoured random growth of crystallites may arise from the defects and disorders Table 1 . Structural parameters including crystallite size (D), dislocation density (δ), micro-strain (ε), lattice parameters (a and c), unit cell volume (V), internal relaxation parameter (u) and bond length (b l ) of B-N codoped ZnO thin films with various B concentrations. introduced by the dopants in the ZnO structure by segregating into the non-crystalline region at the grain boundaries 19 . Also the observed variation in crystallinity may arise from the strain suffered by the lattice. The micro-strain developed in the film was evaluated using the relation
The calculated values of strain are presented in Table 1 and show a negative correlation with the crystalline size. The lattice parameters (a and c) and unit cell volume (V) for the hexagonal structure can be determined using the relations The calculated values of a, c and V are summarized in Table 1 . Compared to N monodoped ZnO thin film, the lattice parameters and unit cell volume decreased due to the successful incorporation of N with lower ionic radius at O sites. The internal relaxation parameter (u) and the bond length (b l ) were calculated using the following relations 22 (6) and (7) and are summarized in Table 1 . The internal relaxation parameter is a measure of the amount by which each atom is displaced with respect to the next along the c-axis and is 0.375 for an ideal wurtzite crystal. From the table we can conclude that in the deposited films, the atoms are displaced from the ideal configuration due to the addition of impurities. B-N codoping resulted in decrease in bond length compared to monodoped one due to the incorporation of N at O sites. Also the calculated values of bond lengths are a little longer than the ideal value (1.93Å) which could be due to the strain suffered by the lattice. Also we can see from the table that the unit cell volume got reduced for B-N codoped films. 
Morphological analysis
Scanning microscope (SEM) images of the as-deposited thin films are shown in Fig.2 . The micrographs showed that all the films had grown uniformly over the substrate surface without any irregularities. Also the images concluded the polycrystalline character of the films.
X-ray photoelectron spectra (XPS) analysis
The XPS analysis results for B-N codoped films are shown in Fig. 3 and the respective chemical composition of various elements are presented in Table 2 . The Zn 2p and O 1s core level spectra were similar for all the samples (not shown here). Zn 2p spectra comprises two peaks located around 1020eV and 1040eV corresponding to 2p 3/2 and 2p 1/2 states respectively. The O 1s peak is centred at around 530eV. The N1s XPS core level spectra of all the five samples showed broad peak between 375eV and 430eV binding energy. The deconvolution of the signals using Gaussian function gives two different peaks. The peaks with lower binding energy are due to the formation of N O -Zn bond 23 . The higher binding energy peak is the characteristic of N 2 species occupied at oxygen vacancies 24 . According to Ozgur et al 25 , N O defects behave as shallow acceptors while N 2O as double donor. Thus the balance between these two defects determines the nature of conductivity in ZnO thin films. The peak centred near 190eV indicates the presence of B -N bonds 26 . This peak is not seen in the monodoped film's XPS. Thus the observed enhancement of electrical conductivity can be considered as the consequence of acceptor-donor pair codoping.
Optical properties
In order to qualify as a transparent conductor, the films must possess good optical characteristics. Figure 4 shows the optical transmittance spectra of the as-deposited B-N codoped ZnO thin films. The films, except the N monodoped one, exhibited better optical transmission in the visible and NIR region. Also all the samples showed sharp fundamental absorption in the near ultraviolet region and undergone a blue-shift of absorption edge with codoping indicating a band gap broadening. In the high transmittance region, the films showed oscillatory character due to the interference of light between the top and bottom surfaces of the film. Larger the amplitude of oscillation, the larger will be the films' surface smoothness. Thus N monodoped film's surface is less smooth and hence lead to increased scattering of photons from the surface itself and poor optical transmittance.
In the case of codoped p type films, there is no significant variation in average transmittance. The film thickness and refractive index at 633 nm are electronically generated using PARAV software 27 and were presented in Table 3 along with the experimentally determined thickness values. It can be inferred from the optical transmittance spectra and thickness measurements that the number of peaks and troughs are less for the comparatively thicker (2 and 4 at% B doped) films. This is because more peaks and troughs will appear for thicker films in the higher wavelength region.
Optical band gaps (E g ) of the deposited thin films are calculated using the Tauc relation 28 (8) where α is the absorption coefficient, hν energy of photon, B is the band tailing parameter and n is a constant equal to 1/2 as ZnO is a direct band material. The plots of (αhν) 2 versus (hν) for the films were shown in Fig. 5 . From the figure, we can make a conclusion that the films are of direct band gap since the plots are linear near the absorption edge. The band gap energies were determined by extrapolating the linear portion of the graph and finding the intercepts on the energy axis. The calculated values of energy gap are presented in Table 3 .
The estimated band gap of N doped ZnO thin film is 3.269eV. With B-N codoping, the energy gap blue-shifted which Table 3 . Estimated values of film thickness (t) by using Profilometer, gravimetric method and using PARAV software, refractive index at 633nm (n), Energy gap (E g ) and Burstein-Moss energy shift (ΔEBM) for the thin films of B-N codoped ZnO with various B concentrations. 8 and is in agreement with earlier reports 29 . The magnitude of Burstein-Moss energy shift arising from the shift of Fermi levels for the samples were calculated and presented in Table 3 .
Electrical properties
Various electrical parameters such as carrier type, carrier concentration, mobility and resistivity of the deposited thin films obtained from Hall measurement are presented in Table 4 along with the measurements made after 20 days of preparation. All the films exhibited p type electrical conductivity provided by the formation of N O acceptors at O lattice sites. With B-N codoping, hole concentration enhanced by two orders of magnitude compared to N monodoped one and as a result, we obtained a lower resistive p type material. The enhancement of hole concentration with codoping is related to the incorporation of reactive donor codopant which activates the incorporation of N at oxygen vacancies by changing the chemical states of N 30 . Up to 2 at% B doping the carrier mobility monotonously increased and thereafter started to decrease. The observed trend in carrier mobility with doping might be governed by the scattering at grain boundaries, ionized impurities, other defects etc. Further increase in dopant concentration may sometimes cause the excess dopants to segregate at the grain boundaries where they can be considered as defects due to incomplete bonding. These defects can act as carrier traps which localize the free carriers and form a potential energy barrier. The increase in dopant incorporation increases the barrier heights which prevent the motion of carriers from one crystallite to another and thereby immobilize them. Thus in conclusion, we obtained a lowest resistive or highly conductive p type ZnO thin film with 2at% B-N codoping. Also the films showed higher stability after 20 days.
ZnO is a unipolar material which favours n type doping. Madelung energy, which is the electrostatic contribution to the binding energy of ionic compounds, decreases with donor doping while acceptor doping increases it. But donor-acceptor pair codoping decreases it because the strong acceptor-donor interaction overcomes the repulsive interactions between the acceptors and reduce the Madelung energy and hence ensures the incorporation of acceptors by forming acceptordonor-acceptor complex in the forbidden gap 15 . Thus B-N codoping improves the delocalization of impurity states at the acceptors and stabilizes the ionic charge distribution in the semiconductor. It should be important here that the donor dopant is not the p type killer, but the reactive codopant which activates acceptors.
Conclusions
Spray pyrolysis technique is used to deposit thin films of N monodoped and B-N codoped ZnO with various B concentrations to achieve good quality p type thin films. All the films were polycrystalline with hexagonal wurtzite structure and showed no indication of additional phase other than ZnO and thereby confirmed the mono-phasic nature of the deposited thin films. The optical transmittance of N monodoped ZnO thin film was poor while codoped films exhibited better transmission in the Vis-NIR region. With B-N codoping, the band gap energy value increased due tothe Burstein-Moss effect. Hall measurement showed that B-N codoping effectively improved the hole concentration and hence the electrical conductivity compared to monodoped film. The enhancement of hole concentration was attributed to the better substitution of N at O sites by acceptor-donor pair codoping which was confirmed by the XPS analysis. So we can strongly propose B-N codoping as an effective tool to fulfil the requirements of p type ZnO thin films and can be practically used as a transparent interconnect layer in tandem thin film solar cells and also for applications like solid state lighting, photodetectors, thin film transistors, etc.
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